To examine whether the hexosamine biosynthetic pathway might play a role in fat-induced insulin resistance, we monitored the effects of prolonged elevations in FFA availability both on skeletal muscle levels of UDP-N-acetyl-hexosamines and on peripheral glucose disposal during 7-h euglycemic-hyperinsulinemic (approximately 500 microU/ml) clamp studies. When the insulin-induced decrease in the plasma FFA levels (to approximately 0.3 mM) was prevented by infusion of a lipid emulsion in 15 conscious rats (plasma FFA approximately 1.4 mM), glucose uptake (5-7 h = 32.5+/-1.7 vs 0-2 h = 45.2+/-2.8 mg/kg per min; P < 0.01) and glycogen synthesis (P < 0.01) were markedly decreased. During lipid infusion, muscle UDP-N-acetyl-glucosamine (UDP-GlcNAc) increased by twofold (to 53.4+/-1.1 at 3 h and to 55.5+/-1.1 nmol/gram at 7 h vs 20.4+/-1.7 at 0 h, P < 0.01) while glucose-6-phosphate (Glc-6-P) levels were increased at 3 h (475+/-49 nmol/gram) and decreased at 7 h (133+/-7 vs 337+/-28 nmol/gram at 0 h, P < 0.01). To discern whether such an increase in the skeletal muscle UDP-GlcNAc concentration could account for the development of insulin resistance, we generated similar increases in muscle UDP-GlcNAc using three alternate experimental approaches. Euglycemic clamps were performed after prolonged hyperglycemia (18 mM, n = 10), or increased availability of either glucosamine (3 micromol/kg per min; n = 10) or uridine (30 
Introduction
Non-insulin-dependent diabetes mellitus (NIDDM) 1 is associated with a marked impairment in the ability of insulin to stimulate glucose uptake in skeletal muscle (1) and most patients with NIDDM are obese and present with both hyperlipidemia and hyperglycemia (2) . Inadequate suppression of fatty acid oxidation by insulin is a common feature of various forms of insulin resistance in humans (2, 3) and a strong, inverse correlation between glucose and lipid oxidation has been observed in obese subjects with NIDDM (4). Randle and coworkers first recognized this relationship between carbohydrate and lipid metabolism in heart and diaphragm muscle (5) . The ensuing hypothesis was that a glucose-fatty acid cycle operates by decreasing the rate of oxidation of the alternate substrate in the presence of increased availability of the other (6) . Recent studies have emphasized that, while an increase in circulating FFA during insulin clamp studies promptly decreased the rate of carbohydrate oxidation, defective glucose uptake could only be detected after 3-4 h of lipid infusion (7) (8) (9) (10) . The reason for such a delay and the mechanism by which the alterations in substrate oxidation bring about a decrease in glucose uptake are still unknown.
In skeletal muscle, after the transport and phosphorylation of glucose to glucose-6-phosphate (Glc-6-P), the latter is primarily utilized in two major pathways, i.e., glycogen synthesis and glycolysis (11, 12) . However, ‫ف‬ 1-3% of the incoming glucose which is converted to fructose-6-phosphate (Fru-6-P) enters the hexosamine biosynthetic pathway (Fig. 1) , whose major endproducts, UDP-N -acetyl-glucosamine (UDP-GlcNAc) and UDP-N -acetyl-galactosamine (UDP-GalNAc), serve as substrates in the synthesis of glycoproteins (13, 14) . Several recent studies have demonstrated that increased flux of Fru-6-P into the hexosamine biosynthetic pathway antagonizes the ability of insulin to stimulate glucose uptake in vivo (15) (16) (17) and in isolated cell systems (18) (19) (20) . The latter represents a likely mechanism by which chronic hyperglycemia results in defective stimulation of glucose transport by insulin (15, 20, 21) . Importantly, the accumulation of UDP-N -acetyl-hexosamines in skeletal muscle, an index of the flux through the hexosamine pathway, was highly correlated with the degree of insulin resistance (22) (23) (24) .
In the presence of increased availability of FFA, the increased concentration of acetyl-CoA, derived in the mitochon-dria from the oxidation of FFA, decreases the rate of pyruvate oxidation via inhibition of pyruvate dehydrogenase (PDH) (25) . Furthermore, the entry of Fru-6-P in the glycolytic pathway is also limited by the inhibition of phosphofructokinase (PFK) (Fig. 1 ) mediated by increased citrate (25) and/or decreased xylulose-5-P concentration (26) . This, in turn, is expected to increase the availability of Fru-6-P for the formation of glucosamine-6-P.
Thus, we wish to test the hypothesis that an expanded fructose-6-phosphate pool, whether due to increased phosphorylation of glucose (e.g., hyperglycemia) or to decreased utilization of Fru-6-P via glycolysis (e.g., increased availability of free fatty acids), would increase carbon flux into the GlcN pathway and via increased concentration of its endproducts, UDP-Nacetyl-hexosamines, cause an impairment in glucose transport/ phosphorylation. Thus, we examined whether prolonged exposure to high concentrations of free fatty acids would increase flux into the hexosamine biosynthetic pathway, and if so, whether this increase would precede and be sufficient for the development of peripheral insulin resistance.
Methods

Animals
45 male Sprague-Dawley rats (Charles River Breeding Laboratories, Inc., Wilmington, MA) were housed in individual cages and subjected to a standard light (6 a.m. to 6 p.m.)-dark (6 p.m. to 6 a.m.) cycle. The rats were anesthetized with intraperitoneal injection of pentobarbital (50 mg/kg body weight) and indwelling catheters were inserted into the right internal jugular vein and the left carotid artery, as previously described (15, (27) (28) (29) . The venous catheter was extended to the level of the right atrium and the arterial catheter was advanced to the level of the aortic arch. The in vivo studies were performed 5-7 d after catheter placement.
In vivo clamp studies
All studies were performed in awake, unstressed rats fasted for 6 h. Euglycemic-hyperinsulinemic (18 mU/kg per min) clamp studies were performed in combination with H]glucose infusion as previously described (15, 22, 23, (27) (28) (29) . A primed-continuous infusion of HPLC purified [ 3 H-3]glucose (New England Nuclear, Boston, MA; 8-Ci bolus, 0.4 Ci/min) was infused throughout the insulin clamp periods to measure the rates of peripheral glucose uptake and glycolysis. A variable infusion of 25% glucose solution was started at time zero and adjusted every 5-10 min, maintaining basal plasma glucose concentrations ( ‫ف‬ 7 mM) during the insulin clamp studies.
Study 1: High FFA (Fig. 2) . To assess the effects of a sustained increase in the availability of free fatty acids on insulin action, continuous infusions of lipid emulsion (Liposyn 10%; Abbott Laboratories, North Chicago, IL; in 1:2 suspension with heparinized saline) were maintained for 3 (High FFA-3h, n ϭ 5) or 7 h (High FFA-7h, n ϭ 5) at a rate of 1.5 ml/h during prolonged euglycemic-hyperinsulinemic (18 mU/kg per min) clamp studies (Fig. 2) . To determine whether the continuing presence of high circulating FFA is required for the persistence of insulin resistance once established, lipid infusion was termi- Figure 1 . Sites of entry of glucose, GlcN, and uridine into the hexosamine biosynthetic pathway in skeletal muscle and potential role of FFA. After its entry into skeletal muscle cells via the glucose transport system and its rapid phosphorylation to Glc-6-P, glucose is primarily utilized by the pathways of glycogen synthesis and glycolysis. The hexosamine pathway receives ‫ف‬ 1-3% of incoming glucose via the conversion of Fru-6-P to glucosamine-6-phosphate by the ratelimiting enzyme glutamine: fructose-6-phosphate amidotransferase (GFA). Alternatively, infused GlcN enters skeletal muscle cells directly via the glucose transport system and is phosphorylated to GlcN-6-P. Further metabolites are formed by subsequent acetylation and uridylation of GlcN-6-P. Hence infused uridine, which contributes to the intracellular UDP/UTP pool, enhances the formation of downstream products of the hexosamine biosynthetic pathway. The principal endproduct of this pathway, UDP-GlcNAc, serves as substrate in glycoprotein biosynthesis and its accumulation provides an index of the amount of carbon flux through the pathway. Increased FFA availability generates increased acetylCoA which inhibits pyruvate dehydrogenase and thus ultimately the rate of glycolysis. This results in increased accumulation of Fru-6-P and hence increased substrate for the GFA enzyme. ‫ف‬ 500 U/ml) clamps were performed during infusions of lipid emulsion (Liposyn 10%) in conscious nondiabetic rats (n ϭ 15). One subgroup of rats (n ϭ 5) was killed, and skeletal muscle samples were obtained, after 3-h hyperinsulinemic clamps with continuous lipid infusion. In another subgroup (n ϭ 5) the lipid infusion was terminated at 5 h while the hyperinsulinemic clamps were maintained for 7 h. In the remaining n ϭ 5 rats, both the infusion of lipid and the hyperinsulinemic clamps continued for 7 h. Baseline blood glucose levels were maintained throughout the studies using variable infusion rates of a 25% glucose solution. Tritiated glucose was infused throughout all studies to measure peripheral glucose uptake. nated at 5 h in an additional n ϭ 5 rats (High FFA-5h) while the hyperinsulinemic clamps were maintained for 7 h.
Three alternate experimental protocols were designed to generate an increase in the flux into the glucosamine pathway in skeletal muscle similar to that measured during lipid infusion in study 1. The goal of these studies was to determine whether a moderate increase in the skeletal muscle concentration of UDP-GlcNAc would be sufficient to cause impaired insulin action on skeletal muscle glucose uptake.
Study 2: Hyperglycemia. Prolonged hyperglycemia in the presence of basal insulin increases the flux of Fru-6-P into the hexosamine biosynthetic pathway and causes a moderate increase in the skeletal muscle concentrations of UDP-GlcNAc (unpublished observations). In this protocol, euglycemic-hyperinsulinemic (18 mU/kg per min) clamp studies ( n ϭ 4) were used to measure insulin action on glucose fluxes during the initial (0-2 h) and final (5-7 h) 2 h, while hyperglycemia (18 mM) and basal insulinemia were maintained during the intervening three hours (2-5 h) using primed-continuous infusions of somatostatin (SRIF, 1.2 g/kg per min) and insulin replacement (0.7 mU/kg per min). To verify that prolonged hyperglycemia was able to increase the skeletal muscle concentration of the endproducts of the GlcN pathway, additional rats were killed during the hyperglycemic period at 3 ( n ϭ 3) or 5 h ( n ϭ 3).
Study 3: High GlcN. An alternative means to reproduce the moderate increase in muscle UDP-GlcNAc measured during the lipid infusion protocol is to infuse GlcN, which directly enters the hexosamine pathway via phosphorylation to GlcN-6-P (15). Thus, euglycemichyperinsulinemic (18 mU/kg per min) clamp studies were maintained during the initial and final 2 h of continuous, 7-h infusions of GlcN (3 mol/kg per min, n ϭ 10). This rate of GlcN infusion is 10 times lower than that used in our previous reports (15, 22, 23) and was selected to induce an approximate twofold increase in skeletal muscle UDP-GlcNAc levels.
Study 4: High uridine.
Recently we have demonstrated that the provision of uridine during insulin clamp studies can increase the efficiency of the uridylation of GlcNAc to UDP-GlcNAc and therefore results in increased accumulation of this endproduct (23) . Thus, euglycemic hyperinsulinemic (18 mU/kg per min) clamp studies were maintained during the initial and final 2 h of continuous, 7-h infusions of uridine (30 mol/kg per min, n ϭ 4).
Saline time-control euglycemic-hyperinsulinemic (18 mU/kg per min) clamp studies (7 h) were performed in an additional ( n ϭ 6) ageand weight-matched nondiabetic rats.
Plasma samples for determination of 3 H-glucose specific activity (SA) were obtained at 10-min intervals throughout the insulin infusions. Samples for measurement of plasma insulin, FFA and GlcN concentrations were obtained at times 0, 60, 120, 180, 240, 300, 360, and 420 min. The total volume of blood sampled was ‫ف‬ 5.0 ml/study; to prevent volume depletion and anemia, a solution (1:1 vol/vol) of ‫ف‬ 6.0 ml of fresh blood (obtained by heart puncture from a littermate of the test animal) and heparinized saline (10 U/ml) was infused. At the end of the in vivo studies, rats were anesthetized (pentobarbital 60 mg/kg body weight, i.v.), the abdomen was quickly opened, and rectus abdominal muscle was freeze-clamped in situ with aluminum tongs precooled in liquid nitrogen (12) (13) (14) (15) . The time from injection of the anesthetic to freeze clamping of the muscle was Ͻ 30 s. All tissue samples were stored at Ϫ 80 Њ C for subsequent analysis. The study protocol was reviewed and approved by the Institutional Animal Care and Use Committees of the Albert Einstein College of Medicine.
Whole body glycolysis
The rates of glycolysis were estimated as previously described (27-29). Briefly, plasma-tritiated water specific activity was determined by liquid scintillation counting of the protein-free supernatant (Somogyi filtrate) before and after evaporation to dryness. Since tritium on the C-3 position of glucose is lost to water during glycolysis, it can be assumed that plasma tritium is present either in the form of tritiated water or H]glucose (27). The rates of glycogen synthesis were estimated as the difference between the rates of glucose uptake and glycolysis.
Analytical procedures
Plasma glucose was measured by the glucose oxidase method (Glucose Analyzer II; Beckman Instruments, Inc., Palo Alto, CA) and plasma insulin by radioimmunoassay using rat and porcine insulin standards. Quantitative determination of plasma FFA levels was performed using an acyl-CoA oxidase-based colorimetric kit (Wako, Osaka, Japan). Plasma 3 H-glucose radioactivity was measured in duplicate on the supernatants of Ba(OH) 2 and ZnSO 4 precipitates of plasma samples after evaporation to dryness to eliminate tritiated water. Regression analysis of the slopes of 3 H 2 O Ra (used in the calculation of the rates of glycolysis) was performed at 60-min intervals throughout the study. Muscle glucose-6-phosphate concentrations were measured spectrophotometrically as described by Michal (30) .
Muscle Uridinediphosphoglucose (UDP-Glc), Uridinediphosphogalactose (UDP-Gal), UDP-N -acetyl-glucosamine (UDP-GlcNAc) and UDP-N -acetyl-galactosamine (UDP-GalNAc) concentrations were obtained through two sequential chromatographic separations and UV detection (12, 31, 32) . UDP-GlcNAc and UDP-GalNAc coeluete with UDP-Glc and UDP-Gal during the solid phase extraction. The retention time for UDP-Glc, UDP-Gal, UDP-GlcNAc, and UDP-GalNAc were 28.5, 30.7, 33.9 and 35.4 min, respectively. Plasma GlcN concentrations were determined by HPLC after quantitative derivitization with phenyl isothiocyanate (PITC) as described by Anumula and Taylor (33) . All HPLC analysis were performed on an HPLC system (Waters Associates, Milford, MA) using a reverse-phase, ion pairing isocratic method, on two C18T (Supelco Inc., Bellefonte, PA) reverse-phase columns (0.46 ϫ 25 cm) in series.
All values are presented as the mean Ϯ SE. Comparisons between groups were made using repeated measures analysis of variance where appropriate. Where F-ratios were significant, further comparisons were made using student t tests (paired difference test and smallsample test for independent samples). (Table I, Fig. 3 ). At the time of the study, the mean body weight of the animals was 309 Ϯ 16 grams. The mean plasma glucose, FFA and insulin concentrations at baseline (0 h) were similar in all groups (Table I ; P Ͼ 0.1). In vivo metabolic parameters (Fig. 4) . The plasma glucose concentration was maintained at basal levels throughout all clamp studies. The plasma insulin levels were maintained constant at ‫ف‬ 500 U/ml during the 7-h studies. The coefficients of variation in plasma glucose and insulin levels were Ͻ 5 and 10%, respectively, in all studies. Consistent with previous observations (12) , during the time-control insulin clamp studies the plasma FFA concentration fell markedly to ‫ف‬ 0.3 mM and significant reductions in the rates of glucose infusion (5-7 h ϭ 30.5Ϯ3.6 vs 0-2 h ϭ 33.3Ϯ3.0 mg/kg per min; P Ͼ 0.05) or glucose uptake (5-7 h ϭ 38.2Ϯ2.3 vs 0-2 h ϭ 43.2Ϯ2.5 mg/kg per min; P Ͼ 0.05) could not be detected. During similar 3-and 7-h insulin clamp studies the plasma FFA levels were maintained 50% above basal levels ‫ف(‬ 1.4 mM) by infusion of lipid emulsion (Table I, Fig. 3 ). In the protocol in which the lipid infusion was terminated at 5 h (High FFA-5h), plasma FFA levels fell rapidly below baseline levels ‫ف(‬ 0.4 mM). Lipid infusion resulted in significant and progressive decreases in insulin-mediated glucose disposal which became statistically significant at ‫ف‬ 3 h and reached a maximum by ‫ف‬ 5 h. Fig. 4 depicts the rates of peripheral glucose uptake (Rd), glycogen synthesis (GS) and glycolysis during the initial (0-2 h) and the final (5-7 h) 2 h of the High FFA-5h and the High FFA-7h protocols. It is noteworthy that the percent reductions in the rates of peripheral glucose fluxes were similar over the course of 7 h in both the High FFA-7h (⌬Rd: Ϫ29.0%) and the High FFA-5h (⌬Rd: Ϫ29.7%) protocols. The observed decreases in Rd in both groups were largely due to the marked, ‫ف‬ 50% reduction in the rate of glycogen synthesis. Likewise, the time course of these effects was also similar in both groups, with half-maximal reductions in Rd and GS by ‫ف‬ 3.5 h.
Results
Study 1: High FFA General and biochemical characteristics of the experimental animals
Skeletal muscle metabolites ( Fig. 5 ; Table II) . Results obtained during the 7-h insulin clamp studies were superimposable in the groups receiving lipid infusion for 5 or 7 h and are therefore presented together. Skeletal muscle glucose-6-phosphate concentrations were significantly elevated above basal levels after the initial 3 h of lipid infusion (P Ͻ 0.05). There were subsequent reductions in Glc-6-P levels after 5 h (P Ͻ 0.01; data not shown) and 7 h (P Ͻ 0.01) of lipid infusion to levels which were markedly lower than those measured either at baseline (Fig. 5) or at the end of the time control studies (291Ϯ30 nmol/grams; P Ͻ 0.01). The latter marked decline in skeletal muscle Glc-6-P concentrations was temporally related with the onset of insulin resistance and likely reflected the development of impaired glucose transport and/or phosphorylation. Pronounced elevations of the skeletal muscle concentrations of the UDP-N-acetyl-hexosamines (UDP-GlcNAc and UDP-GalNAc) were already evident by 3 h and persisted after 7 h of continuous lipid infusion (Fig. 5) . The skeletal muscle concentrations of UDP-Glc and UDP-galactose were similar throughout the FFA infusions (UDP-Glc: High FFA-3h ϭ 22.2Ϯ2.0 nmol/grams, High FFA-5h ϭ 22.3Ϯ2.2 nmol/grams and High FFA-7h ϭ 23.3Ϯ1.0 nmol/gram), and comparable with those in saline-infused controls. However, the ratios of the skeletal muscle concentrations of UDP-GlcNAc to UDPGlc were significantly increased with lipid infusion over all time courses. Animals killed at 7 h with termination of lipid infusion at 5 h (High FFA-5h) also exhibited skeletal muscle concentrations of UDP-GlcNAc (42.2Ϯ1.0 nmol/gram; P Ͻ 0.01) that were persistently elevated above the basal levels and above the levels measured at the completion of the time control studies (26.9Ϯ3.2 nmol/grams).
Thus, the persistence of fat-induced insulin resistance once established did not depend upon the continuous presence of elevated circulating FFA. Furthermore, the FFA-induced impairment in the actions of insulin on glucose uptake and glycogen synthesis was associated with an early increase in the skeletal muscle concentration of hexose-phosphates and with the accumulation of endproducts of the GlcN pathway. To investigate whether increased flux into the GlcN pathway could, in fact, be responsible for the effects of lipid on insulin action, additional studies were designed to predictably increase the flux into the GlcN pathway in the absence of prolonged elevations in circulating FFA. (Table III) . At the time of the study, the mean body weights of the animals in all groups were similar: 299Ϯ12 grams with hyperglycemia, 276Ϯ15 grams with GlcN infusion and 251Ϯ15 grams with uridine infusion. The mean plasma glucose, FFA, GlcN, and insulin concentrations at baseline (0 h) were similar in all groups (Table III ; P Ͼ 0.1). Figure 5 . Skeletal muscle concentrations of Glc-6-P and UDPGlcNAc at the end of euglycemic-hyperinsulinemic clamp studies with continuous infusions of lipid emulsion for 3 h (High FFA-3h; n ϭ 5) or 7 h (High FFA-7h; n ϭ 5). 0 h levels (n ϭ 6) represent tissue levels after 7-h euglycemic-hyperinsulinemic clamp studies with saline infusion. *P Ͻ 0.025; # P Ͻ 0.01. Fig. 6 ). The plasma glucose concentrations were maintained at basal levels ‫ف(‬ 7 mM) during the euglycemic clamp studies and at ‫ف‬ 18 mM during the hyperglycemic period of study 2. Plasma FFA levels were markedly and similarly reduced by hyperinsulinemia in all groups. The infusion of GlcN (3 mol/kg per min) over the 7-h studies increased the plasma GlcN concentration to ‫ف‬ 0.15 mM in the GlcN group. The plasma insulin levels were maintained constant at ‫ف‬ 500 U/ml throughout the 7 h in all groups.
Study 2 (hyperglycemia), Study 3 (High GlcN), and Study 4 (High uridine) General and biochemical characteristics of the experimental animals
Table II. Skeletal Muscle UDP-Glc, UDP-Gal, UDP-GlcNAc, and UDP-GalNAc Concentrations at the End of 7-h Insulin Clamp Studies in 6-h Fasted Rats in the Presence of Increased Free Fatty Acids (High FFA) Relative to 7-h Insulin Clamp Studies in the Presence of Saline Infusion (Saline)
Marked and similar decreases in insulin-mediated glucose disposal were induced by hyperglycemia (study 2), high GlcN (study 3) and high uridine (study 4). Fig. 6 depicts the marked decrease in the rates of peripheral glucose uptake (Rd) which occurred between the initial and the final 2 h of the studies in the three groups. The decreases in the rates of peripheral glucose uptake observed in all groups were again largely due to marked decreases in the rates of glycogen synthesis (hyperglycemia: Ϫ50%, GlcN: Ϫ51% and uridine: Ϫ56%) while the rates of glycolysis were unaffected. (Figs. 7 and 8 , Table IV ). Skeletal muscle glucose-6-phosphate concentrations were increased significantly above basal levels during the early hyperglycemic period of study 2. However, there were marked reductions in skeletal muscle Glc-6P concentrations at the completion of the second insulin clamp studies (7 h) in all groups. A comparable almost twofold increase in the concentration of UDP-GlcNAc in skeletal muscle was demonstrated in all protocols at 7 h, and during the early hyperglycemic period of study 2 (7 h: UDPGlcNAc ϭ 54.8Ϯ1.9 nmol/grams; 3 h: 47.4Ϯ1.0 nmol/grams). The skeletal muscle levels of UDP-Glc and UDP-Gal were diminished by GlcN infusion and augmented with uridine infusion, but levels after hyperglycemia did not vary significantly from saline controls. Thus, the ratio of UDP-GlcNAc to UDPGlc concentrations in skeletal muscle was highest after GlcN infusion and lowest with uridine infusion.
Skeletal muscle metabolites.
Discussion
In the current studies, a prolonged elevation in the plasma FFA concentrations resulted in substantial and time-dependent impairments in insulin action on glucose uptake and glycogen synthesis. While these metabolic disturbances have been encountered previously with prolonged lipid infusion (7-10), the underlying biochemical mechanism(s) remains to be determined. In the attempt to advance our understanding of the pathophysiology of fat-induced insulin resistance, we exam- ined the temporal sequence of the resulting metabolic defects and their relationship to the hexosamine biosynthetic pathway. To this end, we assessed in vivo glucose fluxes and quantified the accumulation of key metabolites in skeletal muscle during prolonged lipid infusion. Experimental protocols were designed to answer the following four specific questions.
Are persistent elevations in circulating FFA levels required to maintain fat-induced insulin resistance? It is noteworthy that previous short-term studies of the effects of FFA on insulin action, while confirming the fat-induced inhibition of carbohydrate oxidation, were often unable to demonstrate a significant impairment in glucose uptake within 2 h of lipid infusion (34, 35) . Conversely, studies in which there was prolonged exposure to elevated FFA levels for at least 3 or 4 h were associated with marked decreases in both glucose uptake and glycogen synthesis (7) (8) (9) (10) 36) . This implies that the multiple effects of hyperlipidemia on insulin action are time dependent (7, 8, 37) , and the impairments in insulin-mediated glucose uptake and glycogen synthesis probably require the prior development of an underlying metabolic alteration. If the mechanism for such decreases in glucose uptake and glycogen synthesis were inhibition of skeletal muscle hexokinase by fat-induced accumulation of Glc-6-P (5, 25, 36), then sustained elevations in FFA levels would be required to maintain these deleterious effects on insulin action. The current study design was intended to specifically address this issue. Our hypothesis was that if the inhibition of carbohydrate oxidation due to increased availability of FFA were directly responsible for the decrease in insulin-mediated glucose uptake, lowering the plasma FFA concentrations below basal levels should normalize insulin action. As previously reported in humans (7, 8, 10) , the fat-induced reductions in glucose uptake and glycogen synthesis were significant by ‫ف‬ 3 h and maximal by 5 h of lipid infusion. However, they were both unaffected by the marked fall in circulating FFA levels in the subgroup in which lipid infusion was terminated at 5 h. Thus, peripheral insulin resistance persisted for the remainder of the 7-h studies independent of the plasma FFA levels at the time of assessment. This observation is consistent with previous reports of a lag period for the onset of fat-induced impairment in insulin-mediated glucose uptake and suggests that the alterations induced by lipid infusion during the initial 3-5 h may lead to later and persistent defects in the action of insulin on skeletal muscle glucose uptake.
Are skeletal muscle Glc-6-P levels increased after the onset of fat-induced insulin resistance? After its phosphorylation to Glc-6-P, incoming glucose can be metabolized via two major pathways in skeletal muscle, glycolysis and glycogen synthesis. A decrease in the rate of glucose uptake may either be the direct consequence of a diminished rate of glucose transport/ phosphorylation or result from a reduction in the rate of utilization of Glc-6-P via glycogen synthesis and/or glycolysis. While the former mechanism would be expected to cause a drop in the steady-state concentration of Glc-6-P, the latter should be accompanied by a significant increase in the Glc-6-P levels. Indeed, the current studies revealed an early elevation followed by a marked decline in skeletal muscle levels of Glc-6-P with fat infusion, the latter coinciding with the onset of peripheral insulin resistance. This temporal pattern indicates that the deleterious effect of prolonged elevations in plasma FFA concentrations on glucose uptake and storage is due to a rate-determining defect at the level of glucose transport/phosphorylation. Kim et al. have recently reported that in vivo exposure to elevated free fatty acids resulted in early (2 h) elevations in skeletal muscle levels of Glc-6-P and decreased rates of glycolysis in conscious overnight fasted rats (36) . However, the effect of lipid infusions of longer duration was not examined. In humans, using 31 P-nuclear magnetic resonance spectroscopy, Roden et al. have shown an initial modest elevation followed by a marked and progressive decline in the skeletal muscle Glc-6-P levels during prolonged (6 h) lipid infusion (10) . These authors concluded that a sustained elevation in plasma FFA concentration impairs insulin action on glucose uptake and glycogen synthesis via inhibition of glucose transport or phosphorylation (10) . Previously, we emphasized the sequential acquisition of metabolic defects in carbohydrate oxidation, glycolysis, glucose uptake, and glycogen synthesis during 6-h lipid infusion in normal subjects (8) . In the latter study, we were unable to demonstrate any increase in the skeletal muscle concentration of Glc-6-P after 2 and 4 h of lipid infusion, while a modest increase was demonstrated only after the onset of impaired glycogen synthase activity (8, 9) . Consistent with the above evidence and in support of the rate-determining defect being at the level of glucose transport and/or phosphorylation, the decline in glucose uptake in the presence of elevated FFA levels in the present and in previous studies (8) (9) (10) is strongly correlated with the impaired ability of insulin to stimulate glycogen synthesis. Prolonged increases in GlcN availability resulted in decreased glucose transport and GLUT4 translocation both in isolated cell systems (13, 14, 18) and in vivo (15, 16) . Thus, future studies demonstrating that infusion of FFA resulted in a similar defect in GLUT4 translocation would further support a causal role for the GlcN pathway in FFA-induced insulin resistance.
Is there evidence that elevated FFA levels result in increased flux into the GlcN pathway (i.e., do skeletal muscle levels of UDP-GlcNAc rise during prolonged infusion of FFA)? Marshall et al. advanced the hypothesis that increased carbon flux (i.e., Fru-6-P) into the GlcN biosynthetic pathway would induce a defect in insulin action on glucose uptake (13, 14) . Here we hypothesize that prolonged exposure to elevated FFA levels would promote increased flux of Fru-6-P into the glucosamine pathway, even in the presence of stable glucose flux into skeletal muscle. In fact, the early fat-induced inhibition of glucose oxidation and glycolysis is likely to transiently increase the size of the Fru-6-P pool and therefore its availability for the GFA enzyme (Fig. 1) . Since we recently demonstrated that the accumulation of UDP-N-acetyl-hexosamines in skeletal muscle reflects the flux of carbons into the GlcN pathway and is highly correlated with the impairment in insulin action (22, 23) , we used the accumulation of UDP-GlcNAc in skeletal muscle as an index of flux into this pathway during the lipid infusions. As noted, elevated FFA levels in the current studies were associated with early increases in the skeletal muscle concentrations of hexose-phosphates, and with an accumulation of UDP-N-acetyl-hexosamines which preceded and accompanied the defects in insulin-stimulated glucose uptake and glycogen synthesis. However, to hypothesize a cause-effect relationship between the fat-induced accumulation of end products of the GlcN pathway and impaired glucose uptake, it is necessary to demonstrate that increasing the concentration of UDP-GlcNAc in the absence of elevated FFA is sufficient to induce a similar degree of insulin resistance.
Could a comparable increase in skeletal muscle UDPGlcNAc achieved by different means also induce insulin resistance? While it is now well established that marked (greater than fourfold) elevations in the skeletal muscle concentration of UDP-GlcNAc induce peripheral insulin resistance (15, 22, 23) , it is not known whether the more moderate increases measured in the present studies after lipid infusion could also impair insulin action on glucose uptake. To address this issue, we generated similar moderate increases in the levels of these endproducts using three alternate experimental conditions: hyperglycemia and increased availability of either GlcN or uridine. Hyperglycemia has been previously shown to moderately increase the skeletal muscle concentration of endproducts of the hexosamine pathway (18, 24) . Our previous observation that increased GlcN availability induced peripheral insulin resistance in normal rats but had no additional inhibitory effects in diabetic rats implicated the glucosamine pathway as the potential mechanism by which hyperglycemia could induce resistance to insulin (15) . In the current studies, the selected rate of GlcN infusion was 10-fold lower than previously used to match the levels of UDP-GlcNAc encountered with hyperglycemia and increased FFA availability. Finally, an important relationship has been described between the intracellular uridine (UDP/UTP) pool and the hexosamine biosynthetic pathway, via its contribution to the uridylation of the N-acetyl-hexosamines (23) . We have recently demonstrated that prolonged infusion of uridine results in both increased accumulation of UDP-GlcNAc and peripheral insulin resistance, suggesting a stimulatory role for UDP/UTP in the formation of endproducts of the hexosamine pathway (23) .
Indeed, all four experimental conditions had remarkably similar effects both on peripheral insulin action and on activation of the GlcN pathway. Increased availability of glucose (hyperglycemia), GlcN, and uridine resulted in marked and comparable resistance to the stimulatory effects of insulin on glucose uptake, over a parallel time course as was observed with hyperlipidemia. The design of the hyperglycemia protocol revealed that the onset of insulin resistance was again preceded by an increase in the skeletal muscle concentration of hexose-phosphates and of UDP-N-acetyl-hexosamines, while the formation of Glc-6-P in skeletal muscle decreased with prolonged exposure to all experimental conditions. Similar degrees of elevation of the endproducts of the hexosamine pathway in skeletal muscle indicated that carbon flux into this pathway was significantly and similarly increased by nearly twofold at the end of all study conditions. The similar time course of the effects of all conditions on skeletal muscle metabolites and on peripheral insulin action suggests that the observed suppression of insulin action by increased free fatty acid availability could be explained by increased flux through the GlcN pathway.
The evidence herein presented indicates that the glucosamine biosynthetic pathway may contribute to the pathophysiology of fat-induced insulin resistance. Indeed, this quantitatively small pathway of glucose utilization may link the rates of glucose and free fatty acid flux to the metabolic actions of insulin by functioning as a "fuel sensor" capable of decreasing the rate of glucose uptake when detecting increased availability of hexose-phosphates. However, while our observations provide experimental evidence in support of this hypothesis, further studies will be required to prove the causal relationship between the fat-induced increase in skeletal muscle UDPGlcNAc and the decrease in insulin-stimulated glucose uptake. In this regard, since the moderate (twofold) increase in muscle UDPGlcNAc observed in the present studies resulted in an impairment in glucose uptake which was similar to that previously reported with more marked increases in its concentration (15, 22) , it will be particularly informative to determine whether the effects of prolonged FFA infusion, hyperglycemia, and GlcN on peripheral insulin resistance are additive. This also does not exclude the possibility that additional mechanisms might be responsible for the inhibitory effects of hyperlipidemia on peripheral insulin action. Skeletal muscle malonyl-CoA, whose levels are exquisitely sensitive to both insulin and glucose, appears to be an important fuel-sensing mechanism (38) which has recently been shown to be involved in the glucose-fatty acid cycle (39) . The fatty acid composition of plasma membranes is another cellular factor that may influence the metabolic effects of insulin on skeletal muscle (40, 41) .
In summary, prolonged increases in FFA availability result both in a marked impairment in the ability of insulin to promote skeletal muscle glucose transport and/or phosphorylation and in accumulation of endproducts of the hexosamine biosynthetic pathway. It is noteworthy that these moderate elevations in the skeletal muscle concentrations of UDP-Nacetyl-hexosamines are sufficient to induce marked peripheral insulin resistance even in the absence of sustained hyperlipidemia. Thus, we propose that a sustained increase in circulating FFA causes a specific defect in skeletal muscle glucose transport and/or phosphorylation via increased carbon flux into the GlcN biosynthetic pathway. This may provide a unifying hypothesis for both glucose-and fat-induced insulin resistance.
